Craniometaphyseal dysplasia (CMD) is a rare craniotubular bone dysplasia transmitted in autosomal dominant or recessive form. This disease is characterized by cranial bone hyperostosis and deformity of the metaphyses of the long bones. Using osteoclast-like cells formed from patient bone marrow cells, we investigated the pathophysiology of CMD in a 3-yr-old patient. Untreated bone marrow cells from the patient differentiated into osteoclast-like cells in vitro. These cells were shown to have vitronectin ,8-receptors using a specific monoclonal antibody, i.e., 23C6 (CD51), which reacts with osteoclasts in human bone biopsy samples. However, the number of these osteoclast-like cells formed from the patient's bone marrow was only 40% of the normal controls. 1,25-dihydroxyvitamin-D3, bovine 1-34 parathyroid hormone, recombinant human interleukin-1 f,, recombinant human interleukin-6, or recombinant human macrophage colony-stimulating factor significantly increased, while salmon calcitonin significantly inhibited, the number of osteoclast-like cells. However, these cells could not resorb sperm whale dentin slices and lacked the osteoclast-reactive vacuolar proton pump as evidenced by a monoclonal antibody (Eli). Western blot analysis using a monoclonal antibody to pp60csrc (327) revealed that protooncogene c-src expression by the platelets of the CMD patient was comparable to the normal control.
Introduction
Craniometaphyseal dysplasia (CMD) is a rare craniotubular bone dysplasia transmitted in autosomal dominant or recessive form. This disease is characterized by cranial bone hyperostosis and deformity of the metaphyses of the long bones. Using osteoclast-like cells formed from patient bone marrow cells, we investigated the pathophysiology of CMD in a 3-yr-old patient.
Untreated bone marrow cells from the patient differentiated into osteoclast-like cells in vitro. These cells were shown to have vitronectin ,8-receptors using a specific monoclonal antibody, i.e., 23C6 (CD51), which reacts with osteoclasts in human bone biopsy samples. However, the number of these osteoclast-like cells formed from the patient's bone marrow was only 40% of the normal controls. 1,25-dihydroxyvitamin-D3, bovine 1-34 parathyroid hormone, recombinant human interleukin-1 f,, recombinant human interleukin-6, or recombinant human macrophage colony-stimulating factor significantly increased, while salmon calcitonin significantly inhibited, the number of osteoclast-like cells. However, these cells could not resorb sperm whale dentin slices and lacked the osteoclast-reactive vacuolar proton pump as evidenced by a monoclonal antibody (Eli) . Western blot analysis using a monoclonal antibody to pp60csrc (327) revealed that protooncogene c-src expression by the platelets of the CMD patient was comparable to the normal control.
These data suggest that: (a) the hyperostosis and the metaphyseal long bone deformity in the present CMD patient might be explained by osteoclast dysfunction due to impaired expression of the osteoclast-reactive vacuolar proton pump; and (b) a protooncogene c-src was not associated with the pathogenesis of the present CMD patient. (J. Clin. Invest. 1993 . 91:362-367.) Key words: hyperostosis * bone resorption -osteotropic growth factors * vitronectin ,B receptor * vacuolar proton pump Craniometaphyseal dysplasia (CMD) I is a rare genetic sclerosing metabolic bone disease transmitted in autosomal dominant (1) (2) (3) or recessive form (4) (5) (6) . It is characterized by hyperostosis ofthe skull and abnormal modeling ofthe metaphyses ofthe long bones (1) (2) (3) (4) (5) (6) ). This disease is clinically different from other typical bone sclerosing diseases, such as osteopetrosis (7), in that the bone sclerosis is localized in the skull and sometimes in the diaphyses of the long bones in young children, whereas in osteopetrosis, systemic bone sclerosis usually is observed. In osteopetrosis, two different patterns of pathogenesis have been elucidated in animal models ofthis disease: one is an abnormality of the precursor of osteoclasts (8, 9) , and the other is some abnormal bone marrow circumstance in which the differentiation of osteoclasts is impaired. For example, in op/op mice (10), in the osteopetrotic animal model, evidence of a deficiency in macrophage colony-stimulating factor (M-CSF) ( 11 ) was reported. In addition, a point mutation in the Csfm gene for M-CSF was elucidated ( 12) , and the protooncogene c-src was reported to be associated with the pathogenesis of osteopetrosis in a new transgenic osteopetrotic mouse line ( 13) .
In contrast, there are no animal models of CMD, and the pathogenesis of this disease has remained obscure. Based on clinical observations, it has been postulated that CMD involves an osteoclast dysfunction that prevents bone resorption ( 5 ). In this paper, using a culture method for obtaining intact human osteoclast function in a CMD patient in terms of osteoclast formation, bone resorbing activity, and the osteoclast-reactive vacuolar proton pump expression. Using Western blot analysis, we also investigated the possibility of association of the protooncogene c-src with the pathogenesis ofthe osteosclerosis in the CMD patient. Stephen L. Gluck (Jewish Hospital, Washington University Medical Center, St. Louis, MO). This antibody was generated against a peptide from the carboxy-terminal region ofthe bovine vacuolar proton pump 3 1,000-mol subunit ( 15) .
Study subject. The subject was a male patient, 3 yr and 2 mo old, born to an unrelated Japanese couple after an uneventful 38-wk pregnancy. The eventual diagnosis was craniometaphyseal dysplasia and there was no family history of a similar disorder. At 1 yr of age, the parents were alarmed by progressive widening of the nasal root with hyperterolism, and broad overgrowth of the base of the nose. He also had progressive macrocephaly. He was referred to Osaka University Hospital for detailed examinations. On admission, the patient was 13.6 kg in weight (mean), 88.6 cm in height (-2 SD), and had a head circumference of 54.5 cm (+3 SD). Neither anemia nor hepatosplenomegaly was observed. His developmental quotient was 85. No facial or optic nerve palsy was observed, but the patient had a slight speech problem due to mild hearing loss, which was confirmed by the auditory brain stem response. Roentogenograms ofthe skull showed hyperostosis in the frontal, occipital and skull base areas with very poor neumatoidation of mastoid cells. At the distal end ofthe femur, the metaphysis was widened, and the diaphysis of the tibia was sclerotic (Fig. 1) . The spine and iliac bone did not show evidence of sclerosis. Computed tomography ofthe skull showed bone overgrowth in the frontal, petrosal, temporal, occipital, and skull base areas, with a slightly narrowed internal auditory canal. Bone biopsy was not performed because the parents refused. Serum and urinary samples were collected between 0800 and 1000 h for biochemical determinations after an overnight fast. Serum calcium, phosphorus, magnesium, creatinine, and alkaline phosphatase were measured by an autoanalyser (80-S; Toshiba, Tokyo, Japan). Serum immunoreactive PTH was determined using a kit (Yamasa Shoyu Co., Choshi, Japan). This assay used a chicken anti-human PTH (43-68) antibody. Serum calcitonin was determined using an RIA kit (Daiichi Radioisotope, Inc., Tokyo, Japan). The serum osteocalcin concentration was determined by an immunoradiometric method (Mitsubishi Yuka Co., Ibaraki, Japan). This assay used two types of monoclonal antibodies, which were specifically developed against the COOH-terminal (30-49) and midregion of human osteocalcin molecules, respectively ( 16) . Urinary calcium, phosphorus and creatinine were measured by an autoanalyser (mode 7250; Hitachi, Tokyo, Japan). Urinary hydroxyproline was measured by an HPLC method. Serum 1,25(OH)2D was measured by a radioreceptor assay, and serum 25OHD was measured by a competitive proteinbinding assay, as previously reported ( 17) .
Osteoclast-like cell formation. Bone marrow cells were aspirated from the iliac crest and used for experiments to obtain osteoclast-like cells, as previously reported ( 18) . In brief, bone marrow cells were applied to Ficoll-Paque. After centrifugation, mononuclear cells were poured into a plastic dish to deplete the adherent cells. The nonadherent cells (1 x 105/well) were cultured in aMEM containing 20% horse serum with and without 1,25(OH)2D3 (1010-10 8M), bovine 1-34PTH (5-500 ng/ml), recombinant human IL-1,B (50-5,000 pg/ ml), recombinant human IL-6 (10-1,000 pg/ml), or recombinant human M-CSF (5-500 pg/ml) for 3 wk. The cells were then stained with 23C6 (CD5 1 ), which preferentially binds to osteoclasts ( 14) , followed by staining with avidin-biotin-conjugated rabbit anti-mouse IgG coupled to alkaline phosphatase using the ABC-AP kit (Vector Laboratories Inc.). Bone resorption study. As previously reported ( 18) , the osteoclastlike cells were cultured for 1 wk on sperm whale dentin slices with aMEM-20% horse serum containing recombinant human IL-1, (500 pg/ml). The dentin slices were ultrasonicated in 0.25 M NaOH for 30 s to remove the cells, treated with hexamethyl-disizane, air dried, and sputter coated with gold palladium. Finally, the dentin slices were examined by scanning electron microscopy.
Staining ofvacuolar proton pump. Using an antibody reacted with the osteoclast vacuolar proton pump (El 1) ( 15), we stained the osteoclast-like cells, as previously reported ( 19) . In brief, the cells were rinsed with PBS, fixed in B5-formalin and incubated for 45 min at room temperature with E 11 antibody, diluted in a Triton X-100 SDS buffer. The cells were then rinsed with the same buffer and incubated with FITC-conjugated rabbit anti-mouse IgG for 30 min at room temperature. The slices were thoroughly rinsed with PBS and then viewed with an Olympus fluorescence microscope equipped with an automatic camera.
Western blot analysis. The platelet-rich plasma fraction was obtained by centrifuging 10 ml of blood sample which was prepared in a calcium-and magnesium-free PBS solution containing 5% EDTA. This fraction was subjected to SDS-PAGE ( 10% gel) and transferred to a nitrocellulose membrane. Anti-c-src monoclonal antibody of 327 (20) was used for immunostaining of protein bands by the method of Cooper and Runge (21) , except that the antigens were detected with peroxidase-antiperoxidase complex (22).
Statistical analysis. The results were reported as the mean±SD of triplicate cultures. The data were analyzed by a two-way analysis of variance.
Results
Laboratory data. The serum calcium, phosphorus, and magnesium values were normal. The serum alkaline phosphatase activity and urinary hydroxyproline excretion were both elevated. The urinary calcium/creatinine ratio was slightly increased. The serum PTH, calcitonin, 250HD, and 1,25 (OH)2D levels were all normal. The serum tartrate-resistant acid phosphatase activity was increased. The serum osteocalcin level was slightly decreased (Table I) .
Osteoclast-like cellformation. In the case ofnormal human (Table II) .
Bone resorption study. After culturing the osteoclast-like cells obtained from normal bone marrow cells on sperm whale (Fig. 3 ).
Western blot analysis. As the normal control, clear bands were observed at a molecular mass of 60 kD, indicating the expression ofpp601s in the platelet-rich plasma ofthe normal control. There was comparable expression of pp60 in both the patient and the mother (Fig. 4) . Resorption lacunae formed on dentin slices by osteoclast-like cells from patient bone marrow cells. Osteoclast-like cells were cultured for 1 wk on sperm whale dentin slices with aMEM-20% horse serum containing recombinant human IL-1,B (500 pg/ml). Then, the dentin slices were examined by scanning electron microscopy. (A) In the normal control, numerous resorption lacunae are observed. (B) In the CMD patient, no resorption lacunae are observed. Discussion CMD is a rare hereditary sclerosing bone disease characterized by hyperostosis of the skull and abnormal metaphyseal bone modeling in the long bones (1) (2) (3) (4) (5) (6) . In this disease, the hyperostosis is usually localized in the skull but sometimes in the diaphyses of the long bones; this distinguishes it from osteopetrosis (7), another typical sclerosing bone disease. The clinical symptoms ofCMD patients, such as hearing loss, visual disturbance and facial nerve palsy, are thought to be derived from compression of the cranial nerves due to the skull hyperostosis (5) , while neither anemia nor hepatosplenomegaly have been reported in this disease (5) . In our case, the roentogenograms, clinical symptoms and laboratory data all led to the diagnosis of CMD.
Although the pathogenesis of CMD remains obscure, two hypotheses have been postulated. First, bone resorption is reduced due to osteoclast dysfunction (5) and second, increased bone formation occurs secondarily due to increased bone remodeling (24) . The former hypothesis is based on an autopsy report showing osteoclast deficiency in the cranial bone of a CMD patient (5). Recent successful treatment of a CMD patient using a low calcium diet and pharmacological doses of 1,25(OH)2D3 (25) also suggests that reduced bone resorption by osteoclasts may be involved in the pathogenesis of CMD, because 1,25 (OH)2D3 is known to stimulate bone resorption (26) . In contrast, Fanconi et al. (24) reported the case of a CMD patient showing low serum calcium levels and secondary hyperparathyroidism. He treated the patient successfully with calcitonin to reduce bone formation secondary to high bone turnover. In our case, the serum calcium and PTH levels were all normal, while the serum osteocalcin level, a marker ofbone formation (27), was low compared to age-matched normal controls, and suggests that increased bone formation was not associated with the pathogenesis of our CMD patient.
Recently, Kurihara et al. ( 18) established a culture method for isolating osteoclast-like cells from human bone marrow cells. Osteoclasts originate from the bone marrow (28) , and their function is to resorb bone. Osteoclasts satisfy the following criteria: possession of calcitonin receptors (29) , high tartrate-resistant acid phosphatase activity (30) , and reaction with 23C6 (CD5 1) antibody, which recognizes vitronectin-fl receptors ( 31 ) . This antibody has been proven to react with osteoclasts in human bone biopsy samples (32) . Osteoclasts have also been reported to react with E 1 antibody ( 15 ), which recognizes the vacuolar proton pump.whose function is to secrete hydrogen ions in bone resorption ( 15) . Osteoclast-like cells formed from bone marrow cells by the method of Kurihara ( 18) met all these criteria for osteoclasts, although only -50% of the 23C6-positive cells reacted with E 11 antibody, and only those cells were capable of resorbing bone ( 19, 23) .
The hypothesis that osteoclast dysfunction causes reduced bone resorption was evaluated by using the osteoclast-like cells formed from the bone marrow cells. The formation of 23C6-positive cells was partially impaired in our CMD patient, corresponding to only -40% ofthe normal control formation of osteoclast-like cells in the presence or absence of various hormones and growth factors. Moreover, the osteoclast-like cells from this patient were unable to resorb dentin slices using our in vitro bone resorbing assay. Further investigation revealed that osteoclast-reactive vacuolar proton pump expression was completely lacking in the osteoclast-like cells from this CMD patient, even after stimulation with various hormones and growth factors. Since this osteoclast-reactive vacuolar proton pump was reported to be expressed in osteoclasts during differentiation (19) , it is speculated that the lack of expression of osteoclast-reactive vacuolar proton pump in a CMD patient might be due to defective osteoclast maturation, and that this defect might be linked to the hyperostosis in our present CMD patient.
A question might arise concerning the absence of systemic bone sclerosis in our patient, which contradicts the finding of osteoclast dysfunction even in the osteoclast-like cells obtained from the bone marrow cells of unaffected bones from the patient. This discrepancy might be explained by the fact that some stromal cells (33) or osteoblastic cells (34) , or direct contact of stromal cells with osteoclast precursor cells (35) , is important for osteoclast differentiation. In our study, we used a mononuclear cell fraction ofthe bone marrow cells as the materials for obtaining osteoclast-like cells. Thus, some residual bone marrow stromal cells were speculated to cooperate with exogenous growth factors or hormones in vitro, resulting in the formation of mature osteoclasts in the normal control. Consequently, it is possible that local growth factors derived from this CMD patient's bone marrow stromal cells are unable to express the vacuolar proton pump in vitro. This hypothesis could be proven if co-culture of the patient's bone marrow and normal bone marrow stromal cells were able to correct the defective bone resorbing activity ofthe patient's osteoclast-like cells. However, this experiment was unable to be performed because no normal bone marrow stromal cells were available at the same time. Thus, it is speculated that the localized cranial hyperostosis and the metaphyseal long bone dysplasia in our CMD patient might be caused by abnormal function of local stromal cells, which are unable to differentiate localized osteoclast precursors into mature osteoclasts, resulting in the impaired expression of the vacuolar proton pump in the osteoclasts. The importance of local factors in our patient is also suggested by the state of high bone turnover, as evidenced by the elevated serum alkaline phosphatase activity and urinary hydroxyproline excretion, in spite of normal levels of such serum systemic calcitropic hormones as 1,25 (OH )2D3, PTH, and calcitonin.
Recently, Soriano et al. ( 13) obtained evidence suggesting that protooncogene c-src was associated with osteoclastic bone resorption in an osteopetrotic transgenic mouse model. This finding suggested the possibility that defective protooncogene c-src expression might be linked to the impaired osteoclastreactive vacuolar proton pump in our CMD patient. However, that is not plausible, because we found the levels of pp6Oc in platelets of our CMD patient to be comparable to the normal control. Thus, the pathophysiology ofour CMD patient cannot be explained by abnormal function ofthe protooncogene c-src. Further study is thus necessary to elucidate the etiology of abnormal bone metabolism in CMD patients. In conclusion, a defect in osteoclast-reactive vacuolar proton pump expression was proven in our CMD patient. Our data support the hypothesis that osteoclast dysfunction explains the hyperostosis and the metaphyseal bone dysplasia in CMD patients.
